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_.ibstract

The design of a Deltic correlator, a time compression
correlator which generates correlation functions on a real
time base, is described. The correlator is designed to oper-
ate primarily with random noise signals in the audio spectrum
(100 c/s to 10 kc/s) and display the first 10 ms of the cross-
correlation function of two input signals.

A discussion of the principles of opercztion of such a
device is followed by the consideration of varicus problems
associated with the circuit design, and with a description of
alignment and servicing procedures used in the operation of
the Deltic. The experimental performance results show the
correlator to follow closely the theoretical predictions of
signal-to-noise ratio enhancement for weak signals in a
thermal noise background. An attempt has been made to
explain the minor discrepancies on an empirical basis.
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Preface

The project of construction of the Deltic correlator described in
this report was undertaken by the author while on a one-year post-
doctoral research fellowship at the Acoustics Research Laboratory.
Tie correlator was in operation in May of 1955, eight rmmonths after the

beginning of the project.

The initiation of the project was due primarily to the interest and
guidance of Professor F. V. Hunt, for which the author is deeply indebted.
Thanks are due also tc W. P, Raney for detailed criticism of the manuscript,
proofreading, and aid in preparation of the illustrations. In addition to the
helpful assistance of the other members of the Acoustics Research Laboratory
staff, the author wounld like to acknowledge the valuable technical assistance

in circuit design rendered by members of the ..coustics Branch of the Naval

Ordnance Laboratcry, Silver Spring, Maryland.
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THE DELTIC CORRELATION
by
Victor C. Anderson
Acoustics Research Laboretory

Harvard University, Cambridge, Massachusetts

Chapter 1

PREAMBLE

The term Deltic (an abbreviation for Delay line Time gompressor)*
is applied to a time compression scheme which makes it possible to apply
continuously, without loss of any information, signal ""processing' methods
such as spectrum analysis, and cross- or auto-correlation analysis to en-
hance the signal-to-noise ratio of an incoming signal. Time compression
in the Deltic is accomplished by sampling a portion of an incoming low-
frequency signal, of duration T', at N different times separated by the
shorter interval, or ""sampling'" period T. The sequence of N nearly
instantaneous samples obtained in this manner is then squeezed together
to form a high-speed replica of the incoming signal--a replica having a
smaller total duration just equal to T, the interval between samples. The
information of the original signal is now contained on a compressed time
scale in this high-speed replica where the time compression factor is
given by T'/T, which is equal to N, the number of samples. This replica
is then stored in a high-speed recirculation storage channel of recirculation
period T so that the compressed information is readily and repetitively

available for the convenient application of signal processing methods.

In practice, this time compression and sampling process is carried
out in a continuous manner by removing the oldest sample in the replica and

replacing it with a new one each time the replica completes another cycie of

- - - - -

This analysis technique was first described in the University of Cali{ornia
Marine Physical Laboratory Quarterly Report for 1 January to 31 March 1954,
SIO Ref. 54-18.
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circulation in the storage channel. In other words, each sample selected
from the incoming low-frequency signal is introduced at the beginning of
the replica; it then precesses slowly through the replica until, after an
interval T', it will have appeared N times at the output of the storage
channe’ in the course of progressing from the beginning to the end of the

sequence cf samples, after which it is removed.

In the typical signal processing methods mentioned above, the in-
coming signal is usually to be multiplied by some comparison signal and
the product then averaged over a short but finite length of time. Ordinarily
this multiplying and averaging process must be carried out many times on
the same signal while varying some parameter of the comparison signal,
such as the frequency, in the case of spectrum analysis, ¢ the relative time
delay, in the case of correlation analysis. By using the .ume compression
properties of the Deltic, processing operations which would involve averaging
times of T' on the original signal can be carried out equally well on the high-
speed replica with the much shorter averaging time T. In this way, N
multiplying and averaging operations may be carried out within the duration
of the original signal T'. This factor of N is exactly that required to
extract all of the information in a signal of length T' during a time interval

T' by the above signal processing methods.

As a result of the time compression of the high-speed replica, all of
the frequencies in the spectrum of the original signal are multiplied by a
factor N. If a spectrum analysis of the incoming signal is desired, it may
be obtained by feeding the replica to a conventional sweep-spectrum analyzer
covering the multiplied high-frequency band. The analyzer operating in
this high-frequency region will have a wider filter bandwidth with a corre-
spondingly shorter response time. Thus a spectrum resolution which would
require a filter having a response time of T' if operating on the original
signal, may be obtained with a filter having the much shorter response time
T operating on the compressed revliica. Because of the shorter filter re-
sponse time, the spectrum level may be determined for N separate fre-
quencies in the band during the time that would have been required to obtain
the spectrum level at a single frequency by operating on the original signal

without benefit of a Deltic.
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The short-term auto-correlation function of a signal is obtained by
multiplying a sample of incoming signal of length T' by a corresponding
sample which ha: been delayed slightly. The instantaneous product is
averaged over the length of the sample T', and this process of multiplication
and averaging is then repeated for a succession of different relative delay
times. The output of the multiplier-averager plotted against the relative
delay time is the correlation function desired. In the Deltic, the relative
time delay is achieved by making use of the precession of data samples
through the high-speed replica as described previously. A second storage
channel is used to provide a ''stationary' reference or comparison signal
which consists of the sample sequence in the replica at an arbitrary time
t,- This ''stationary' replica is then rmultiplied by the precessing replica
in the Deltic and averaged over the recirculation period T. In each successive
recirculation period, the relative delay between the ''stationary' replica and
the precessing replica increases by one sampling interval; thus, at the end
of a time interval equal to the length of the original low-frequency signal
(now represented by its time-compressed replica), the average product will
have been obtained for N different values of delay. These N delay values
correspond to a total time delay for the correlation function of T' which is
just equal to the length of the original signal. After the period T', a new
replica can be placed in the '"stationary' storage channel, and a new short-
term correlation function can then be obtained during the next time interval
T'. In this way, none of the information in the incoming signal will be lost
since there will be no gaps between successive segments of the signal which

are ''processed' one after the other.

The cross-correlation of two independent input signals can be obtained
by using a Deltic for each input to obtain a high-speed replica of each signal.
The replica of one of the input signals may then be stored in the ''stationary"
storage channel, and comparcd with the precessing replica of the other input

signal.

1t would appear from the foregoing that the averaging time of such a
Deltic correlator would be limited to the length of the original signal, T'.
As far as the Deltic correlator itself goes, this is true; but the averaging

time can be extended by superimposing a number of the correlation curves
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so obtained to form a composite average. Additional time averaging of this

kind would ordinarily be incorporated into any practical correlation "'processing'
system in order to obtain further signal-to-noise-ratio enhancement. Such an
additional time-averaging process has been accomplished in the Deltic corre-
lator by the use of a dielectric recorder in which the average of a large number
of correlation sweeps is built up as an electrostatic surface charge pattern on

a rotating dielectric-coated drum. By the use of this technique, the effective
averaging time, which is an important factor in the signal-tc-noise enhancement

of any such processing system, may be increased almost without limit.

The feasibility of the system which has been described has been demon-
strated by the construction and successful operation of the complete Deltic
cross-correlator shown in Fig. 1. This Deltic has a time compression factor
N, of 300, and stores 10 ms of any incoming low-frequency signals lying within
the frequency band extending from 100 c/s to 10 kc/s. The averaging time
has been extended from the basic 10 ms of the Deltic correlator itself to a
time which may be varied between 0.1 second and 100 seconds by the addition

of a dielectric recorder at the correlator output.

Extensive signal-to-noise measurements on the Harvard Deltic have
shown agreement, within 0.8 db, with the theoretical predictions of signal-to-
noise ratio for a '"clipper correlator,'" for integration times ranging from the
basic 10 ms to 2a drum integration time of 1 second. The effect of this noise
reduction is shown in Figs. 2a, b, ¢c. Figure 2a shows an input signal which
is compnsed of two parts: an incoherent noise consisting of an octave band
of the.inal noise 1600 to 3200 c/s, and a statistically independent ''signal"

25 db lower in power having the same spectrum. Figure 2b, which shows

the output of the correlator before further integration by the dielectric
recorder. is obtained when the noise-plus-signal of Fig. 2ais introduced in
one input of the Deltic, and is cross-correlated with a delayed replica of the
signal alone supplied to the other input. Figure 2c illustrates the manner in
which the longer averaging time made available by dielectric drum integration
serves to reduce still further the background fluctuation. Thus, the cross-
correlation function of the low-level signal buried in the noise trace of Fig. 2a

is now readily detected in the center of the 10 ms sweep shown in Fig. 2c.

Figure 3 shows a similar test in which the '"'signal" is a sine wave 25 db

lower than the noise.




Harvard experin:ental Deltic correlator.

1.

Fig.




20. INPUT (OCTAVE BAND
NOISE & SIGNAL)

m{' 2b. CORRELATOR OUTPUT
 a el _, BEFORE INTEGRATION

RECORDER
Fig. 2. Signal-to-noise measurements (octave band).

3a. INPUT (OCTAVE BAND
NOISE & SINUSOIDAL
SIGNAL)

3b. CORRELATOR OUTPUT
BEFORE INTEGRATION

R N 3c. DIELECTRIC RECORDER
o OUTPUT (SIGNAL OFF)
" VAVAMAMAAMAWAWWWA 3d (SIGNAL ON)

Fig. 3. Signal-to-noise measurements (sine wave).
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PRINCIPLES OF OPERATION OF A DELTIC CORRELATOR

A. Definition of "Correlation Function"

The general correlation function is given by:

T
q _ lim 1
Py ) =T e Tj x(t)y(t-8)dt, (1)
8]

where x(t) is a time-varying function and y(t) is another time-varying
function. The general correlation function of two random signals can never
be exactly determined experimentally since both an infinite integration time
and a continuum of values of § are called for. In practice, only finite inte-
gration times are employed for analysis, and p(6) is usually evaluated only
for discrete values of §. The approximate correlation functions obtained in
this manner are called short-time correlation functions and are characterized
by a certain amount of residual statistical fluctuation comprising ''noise'' or
uncertainty in the resulting function. The properties and applications of such
short-time correlation functions have been discussed by several authors,

among them R. M. Fano [1l], and Faran and Hills [2].

The correlation functions generated by the Deltic are further approxi-
mations to the short time correclation functions. The sampling prccess of
the Deltic guantizes the incoming x and y signals into pulse trains composed
of discrete polarity samples; that is, each signal is represented by a train
of '"'sample' pulses which are of unit height when the signal is positive, and
of zero height when the signal is negative. The product of these pulse trains
is averaged over the length of the stored sample to generate the points on the
correlation curve. The nature of the approximate correlation functions
generated by the Deltic is shown by the equation:

L

Pyy(mT) = *%(nt) ¥(ntT - mT), (2)

M

0

o]
1}

(1) R. M. Fano, "Short-Time Autocorrelation Functions and Power Spectra,"
J. Acoust. Soc. Am. 22, 546-550 (December 1950)

(2) J. Faran and R. Hills, T.M. 27, Harvard University Acoustics Research

Laboratecry. 5
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where N represents the number of samples in the stored pulse train, T is

the period at which the low-frequency signal is sampled, 7'is the pulse
repetition period in the time-compressed replica, and the functions % and

ir\ are the clipped, time-compressed replicas of the original functions. The
quantities m, n and N are all integers, and m takes on values between 0

and M. It can be shown that the effective integration time is equal to the
sample length NT. In operation, this summation is carried on in a
progressive manner, m changing by one integer each time that n runs
through the range 0 to N. Thus it can be seen that the correlation function
pxy(mT) is generated on the same time base as the original signal. If

M = N, the correlator sweep range, which is equal to the time spent in the
analysis, will also be equal to the length of the stored signal, and the analysis
will be performed with no loss of incoming information. The index n corresponas
to the position of a digit in the pulse train while m is the position index of a

pulse train in the correlation sweep.

The effective integration time of the summation indicated in Eq. (2) is
equal to the original length of the low-frequency signal which is time-
compressed and then stored in the recirculating pulse train. This effective
integration time is determined by the length of the delay line and the clock
pulse period; it is independent of the time duration of the correlation sweep
as determined by the period of the transfer pulse, although the two times
are usually made approximately equal so as to obtain 100 per cent signal
processing. It would be possible, however, to extend the effective integration
time ot the Deltic correlator output by summing over a number K of con-
secutive correlation sweeps. In this case, the integration or summation of

Eq. (2) is extended to a series of summations as follows:

K kM+N
(xy(mT)\/ = fi.‘N Z E RnT)(nT- mT) (3)
KM k:o n=kM

This type of integration, 'finite time" integration, is not easy to achieve with
electronic circuits. In its place, the averaging properties of an electrical
low-pass filter are used where it is necessary to extend the integration time.

A dielectric recorder having integrating properties analagous toa simple RC low-

pass filter is used in the Deltic to extend the integration by superimposing
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successive sweeps with an exponential weighting factor to obtain a running
time average. This type of averaging actually amounts to an infinite sum-

mation in which the normalized correlation function has the form:

-MT
e T3 @ '___k;}” KM +N
3 k=0 n=kM

(4)

Faran and Hills point out that the effective integration time of an RC
averaging network of this type (as determined by its effectiveness in reducing
short-term correlation noise) is equal to twice the time constart Thus the
equivalent number of correlation sweeps contributing to the average output
of the dielectric drum is equal to the number of sweeps occurring in a period
of 2T3, where T3 is the build-up time constant of the drum. The total
effective integration time of the Deltic including the dielectric recorder will
be the product of the stored signal iength and the number of sweeps contri-

buting to the average; i.e.,

2T
T, = NT % —m =%VN

2 MT &

~
-

B. Deltic Parameters

The basic parameters of the Deltic, some of which were introduced
above, are related by simple equations defining the operating limits of this

technique These parameters may be summarized as follows:

T = the sampling pulse period, pulse train length, or delay
line recirculation period.

T = the clock pulse period or the digit separation in the
pulse train.

N = the number of digits in the pulse train.

fo = maximum allcwable frequency of incoming signal as

determined by Shannon's sampling theorem.

T' = the length of the low-frequency signal represented by
all the information in the pulse train.

M = the number of sample pulse periods in the correlation
sweep.

Tl = the correlation sweep range.
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T2 = effective post-detection integration time.
T3 = dielectric recorder time constant
These are related in the following manner:
N =T/t; (5)
N = T'/T; (6)
fo = 1/2T; (7)
T1 = MT
T2 = T' without dielectric recorder post-detection integration;
with dielectric integration, and when T4 >>T':
_ 2NTj3
TZ = T for M >N,
T,= 2T5 for M<N.

The three independent relations (5), (6) and (7) fix the number of
independent parameters at two out of the first five listed. Regardless of
which two parameters are used as design criteria, the Deltic characteristics
are ultimately determined by the selection of values of T and U'. Both T, and
T, may be varied independently by a suitable choice of M and recorder time

constant respectively.

The accompanying table (Table I) lists some typical Deltic characteristics
which can be obtained by different choices of the recirculating pulse repetition time 7

(here chosen to be 0.1 usec) and of the length of delay line T.

C. Computing Logic of a Deltic Correlator

A clearer conception of the significance of the Deltic parameters may
be had by following in detail the various computing operations of a Deltic
correlator through a complete computing cycle. The computation may be
considered in two parts: first, the basic time-compression sampling process
which takes place in the sampling channel; second, the process of obtaining a

correlation function from this time-compressed information.

It was mentioned in Chapter I that the heart of the Deltic consists of a
recirculation delay-line storage channel or memory. This type of memory
is well known in computer work. The information is stored as a wave packet
or pulse in a closed transmission loop which consists of an acoustic delay

path with appropriate electrical transducers, an amplifier and a reshaping
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I 1000 psec| 3000 psec |

Delay line length 30 psec (100 usec

required, T

isec,| . lpusec . 1 psec

!

10 sec| 90 sec

Pulse separation .1 psec .1 psec)

in line, T

Length of stored .009sec |. 1 sec [.9 sec

record

10 sec 90 sec

Length of correlation 009 sec . | Bec |. 9 sec
sweep for 100%processing
Max. frequency of 16.5kefs Skc/s |1.65ke | 500\c/8 | 165 cls
input signal
3000 pusec

Correlation delay 3G psec 100 pseci300 wsec|lO0U

resolution P
Max. frequency 110 e/s 100 ¢/'s ;1.1c/s i 1c/s\| -0llc/s
resolution el '. I

Time compression 300:1  [1000:1 {3000:1 pninnﬂ;l 3}°. 000:1

factor or the number | |

of analysis points per i

sweep | |

circuit. Provision for introducing or removing individual pulses is made

by the use of suitablie electrical gate circuita.

An illustration of the sampling process "vhith cenverts such a
recirculating memory into a Deltic is shown in Fig. 4. The original low-
frequency signal is showninthe upper part of the figure by the undulating
line. The vertical lines shown with the separation ot T represent the times
at which a sampling pulse will introduce the new ininorination into the re-
circulating inemory which has a recirculation time T-T The sequence of
pulses at the cutput of the delay line is shown in the center of the figure where
the pulses are represented by the short vertical lines appearing above the base
line The expanded view at the bottom of the figure repr2sents the actual

form of the envelope of the signal at the output of the delay line for 1 repetition
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period T. Since the storage is binary in nature, only the polarity of the
low-frequency signal is introduced as information into the line. This is

an extreme case of quantitization in amplitude, but for random signals it
does not give rise to an objectionable loss of signal-to-noise-ratio infor-
mation. The operation of the sampling process may be understood by
following the sequence of sampling pulses and their associated data pulses
in the line. At sample point (a), the positive polarity of the low~-frequency
signal is introduced as a pulse into the delay line. At the end of the re-
circulation period T-T this pulse appears at the end of the delay line as
shown by digit (a) in the center of the figure. One digit later, the sampling
pulse introduces a new data sample which again corresponds to a pulse
because of the positive polarity of the low-frequency signal at that instant
of time, and this pulse is circulated through the line, appearing on the out-
put after a period T-T. In the meantime, the digit {(a) has been re-entered
intc the line and has appeared at the output just ahead of digit (b),or two
digit spaces before the sampling pulse. The process continues as illustrated
in the figure. When the polarity of the incoming low-frequency signals is
negative, the information is conveyed by the absence of a pulse as illustrated
by digit (d) in the output of the delay line. After the line is completely full,
the samplin; pulse operates, not only to introduce new information into the
line, but also to erase the data pulse which normally would be advanced to

the sampling pulse position.

In view of the N-fo'd redundancy present in the output of the delay line
as ev.ienced by the fact that a single data sample appears in the output N
times, where N is the number of pulses in a pulse train of duration T, one
may loolk: at the high-frequency replica of the low-frequency signal N times
during rhe storage period of a single data sample. This is the property of
the Delti: vhich nakes it possible to perform the signal processing techniques

mentioned 1n Chapter I in a serial rather than parallel manner.

This sampling process has a special property which makes the Deltic
ideally suited for the computation of correlation functions. This property
is illustrated ir. Fig. 4 where it can be seen that a single data sample in the
pulse train advarces by 1 digit position each sampling interval. This relative

time advance of the high-frequency replica of the le'w-frequency signal is used
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to provide the necessary incremental time delay when generating auto-

correlation and cross-correlation functions.

In order to make use of the relative time advance of information
introduced by the sampling process, an auxiliary ''stationary'' storage
channel must be provided to retain a comparison pulse train in which
there is no progressive advance of information. It should also be noted
that each of the pulse trains (i.e., a complete time sequence of samples)
as illustrated at the bottom of Fig. 4 is 1 digit longer than the basic
recirculation time T-T;, therefore, the storage channel must have a recir-
culation time of T instead of that of the sampling channel, T-t, so that the
beginning and end of a train of information in the two channels will always

be in synchronism.

The manner in which correlation functions are generated by a Deltic
is illustrated by Fig. 5. Here a representation similar to Fig. 4 is used,
but the input is shown to be a periodic square-wave signal rather than the
random noise signal of Fig. 4. This square-wave input, of course, corre-
sponds to the clipped sine-wave input, so the correlation function shown
is the same as that produced by a sine-wave input to the Deltic correlator
and is an approximate correlation function for a square wave. The output
of the delay line which is used for sampling the incoming data is shown in
line B of the figure. Line C corresponds to the output of the auxiliary
storage channel mentioned above. At some arbitrary time interval,
illustrated by the interval T at the left of the figure, the pulse sequence
from the sampling channel (line B)is transferred to the storage channel
(line C) and is repeated periodically in this channel as shown by the re-
currence of this particular pulse sequence in each of the successive sampling-
time intervals. The value of the correlation functipn for zero-delay time is
obtained by measuring the coincidences of pulses in the sampling channel and
in the storage channel during this first time interval T. This coincidence
output is represented by line D of the figure, where the presence of a pulse
represents a coincidence, and the absence of a pulse represents an anti-
coincidence between the two channels. ihe zero-delay time, or the first
time interval, gives complete coincidence for all pulses and corresponds to

a correlation of +1. In the next time interval T, the two pulse trains have
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been displaced by one pulse period, and we see that now there are several
anti-coincidences appearing in the lower pulse sequence. This resuits in

a lower value of correlation and is shown by the step of the staircase trace

E, which represents the correlation output. Continuing on, we see that each
successive time interval yields a lower number of coincidences, until, in

the fourth interval, we get a complete anti-coincidence for all pulses. This
gives a value of -1 in the correlation function. From this point, the pulse
trains in the sampling channel and in the storage channel again approach a
phase error of zero and the correlation function rises in a stepwise manner

to the value of +1 again. This broken curve, E, is the type of output obtained
from the Deltic correlator and corresponds to the actual correlation function
of the square wave illustrated by curve F superimposed upon the broken curve.
The length of the correlation sweep Ty shown at the bottom of the figure was
deliberately chosen to be longer than the length of the stored signal T* shown
at the top of the figure in order to emphasize the fact that the correlation
sweep time for correlation sweep length is independent of the stored record
and need only be equal to it when 100 per cent signal processing is desired.

At the end of the correlation sweep Tl’ the information in the storage channel
is replaced with a new pulse train from the sampling channel and the generation

of the correlation function is repeated.
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Chapter III

DEVELOPMENT OF DELTIC CIRCUITRY

In this chapter, the major design considerations which arose during the
development of the experimental Deltic correlator at Harvard will be set
forth. For want of a better criterion, they will be discussed in the chrono-

logical order in which the various problems were attacked.

The parameters for this experimental correlator were chosen more or
less arbitrarily, so that the instrument would have a high-frequencey cut-off
of 15 kc/s, covering the audio spectrum, and would operate with a clock
pulse period of 0.1 usec, this being considered a realistic minimum period
for the present state of the art. The choice of these two parameters, and

Egs. (5), (6) and (7),fixed the following design constants:

T = 30.7 psec (30 usec quartz delay line
+0.7 usec amplifier and cable delay),

7 = 0.1 psec,

N = 307,

fo = 16.3 kec/s,

T' = 9.42 ms.

The length of the correlator sweep was chosen as close as convenient
to the length of stored signal so that the information processing would be
nearly 100 per cent effective. M was fixed by a 320:1 scaler used as a

frequency divider. This gave a value for Tl of

T1 = 9.82 ms.

Since M2~ N, the effective integration time may be considered equal
to twice the time constant of the dielectric recorder which may be adjusted

over a range of 0.1 to 100 seconds.

As a prelude to the initial design of the Deltic recirculating memory,
a frequency-scaled model of the circuit logic was constructed around a 25 ms
delay line composed of low-pass filter networks (Buranell Company). The
ceuter frequency of the line and the bandwidth of the recirculating amplifiers

were scaled to a 3 kc/s center frequency instead of the 30 Mc/s

13-
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frequency which was to be used with the ultrasonic delay line. The inter-
electrode tube capacities and expected stray wiring capacities were also
scaled to this lower-frequency region so that the operation of the gating
circuits and pulse amplifiers would more closely approximate the type

of operation which was to be expected in the megacycle region. This
scale model proved to be very valuable in the initial design inasmuch as
several preliminary ideas were rejected and the general gating techniques
which proved to be successful in the final model were established on the

scale model in short order.

A. General Logic of the Deltic Correlator

The logic used in the final model of theDaltic is illustrated by Fig. 6
where the circuit of an ultrasonic memory as used in the Deltic is shown.
The design consideration for the various blocks shown in Fig. 6 will be
discussed later in this chapter. The waveforms and amplitudes of the

voltages at various parts of the circuit are shown in the figure.

To describe the operation of this circuit, we may consider a pulse
arriving at the input to the driver amplifier. The pulse, after passing
through the driver amplifier, enters the reclocking gate where it is mixed
with the clocking pulse, a very narrow pulse of approximately 0.02 psec
duration and a 10 Mc/s repetition rate. The reclocking gate has a saturation
characteristic of such nature that input pulses from the driver amplifier
which exceed anamplitudethreshold of approximately 20 volts will give an
essentially constant impulse to the matching network, while signals which
are under 10 volts will give an essentially zero impulse to the matching
network. The current pulse out of the reclocking gate is always in phase
with the clocking pulse, even when the recirculating pulse has a phase error
of as much as +0.02 pusec. The restoration of the recirculated pulse to a
standard amplitude and phase in this manner eliminatcs the possibility of
any cumulative degeneration of the pulses after a number of recirculations
in the loop. The current pulse of the reclocking gate rings the matching
network and excites the acoustic transducer coupled to the quartz delay line,
introducing an acoustic wave packet or pulse which progresses through the
quartz to the output transducer. At the output transducer the acoustic pul;e

is converted back to an electrical signal which has an amplitude approximately
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50 db lower than the electrical pulse applied to the input. A band-pass
amplifier having a gain of approximately 50 db is used to restore the output

of the line to a level which will operate the detector.

In the absence of a sampling pulse in either the erasing gate or the
new information gate, the detected output of the band-pass amplifier will
be transmitted as a pulse through a section of delay cable to the driver
amplifier and reintroduced into the delay line as before. The delay cable
is used to trim the overall delay path to match an integral multiple of the
clock pulse period. It can be seen that once a pulse is introduced into
this regenerative loop, it will be recirculated indefinitely in its proper
relative position in a pulse train and at a constant amplitude. With the
arrival of a sampling pulse, however, the erasing gate will block the
passage of the recirculating pulse that arrives at the detector coincidentally
with the sampling pulse, while at the same time, the new information gate
will simultaneousliy introduce a new data sample into the recirculating loop.
The new data sample will be a pulse if the low-frequency input signal has a
positive polarity, or will be ''no pulse' if the polarity of the low-frequency

input signal is negative.

Two or more recirculating or dynamic memories of this type (more
conveniently called channels) are required to form the Deltic. The circuit
of Fig. 6 is a sampling channel, used to convert the low-frequency incoming
signal to the high-frequency recirculating pulse train. The term Deltic
should be applied in the strict sense to this sampling channel, for it is here

that the time compression is accompliched.

A channel similar to the sampling channel can be used advantageously
to generate the sampling pulse shown as an externally supplied control
signal in the right-hand corner of Fig. 6, and to control the 10 Mc/s clock
frequency which drives the clock pulse generator. This channel, called the
timing channel, is arranged so that one and only one pulse is recirculating
at one time. The overall recirculation period or time delay of this channel
is extended 1 digit (0.1 psec) by increasing the length of the delay cable
between the detector-and-erasing gate and the driver amplifier so as to
generate a sampling pulse of a repetition period T which is 0.1 psec longer

than the recirculation period of the sampling channel of Fig. 6. Anautomatic




TM 37 -16-

frequency control on the 10 Mc /s clock oscillator locks the phase of
the 10 Mc/s signal to the phase of the sampling pulse which is re-
circulating in this line. In this way, the clocking oscillator is always
locked to a submultiple of the fundamental repetition period of the line,
thus providing compensation for temperature changes in the acoustic

delay line or in the clock oscillator tank circuit itself.

The various block components of a Deltic correlator are shown in
Fig. 7. In addition to the channels previously described, it is necessary
to have a storage channel. This storage channel is operated in such a way
that one complete pulse train may be transferred to it from a sampling
channel and recycled indefinitely. The recirculation period of the storage
channel is equal to T so that the start and end of the pulse trains in both
a sampling channel and a storage channel will be synchronized. The high-
frequency output of the storage channel will be the %(m7T) of Eq. (2), and
the output of the sampling channel (a) represents the function y(m% -n 1)
in Eq. (2). The summation indicated by Eq. (2) is carried out by combining
both the output of sampling channel A and the output of the storage channel
in a multiplier and averager of averaging period T. The frequency divider
shown at the bottom of Fig. 7 generates the transfer pulse which is a pulse
of duration T occurring at a repetition period of MT. This transfer pulse
is used to transfer the pulse train from sampling channel B into the storage
channel. Thus, the correlation function which is the output of the multiplier
and averager is recycled at the end of a period MT during which time the

correlation delay variable has been swept over a range from 0 to MT,

B, Ultrasonic Delay Lines

The four -channel delay-line package used for the storage lines
of the various channels in the Deltic is shown mounted in placed on the
relay rack in the right-hand phote of Fig. 1. The complete package
has the dimensions of 8'" x 4" x 2'", and contains four quartz-rod de-
lay lines equipped with piezoelectric transducers at each end. The
four rods are clamped in a single brass block which in turn is thermally
insulated from the outer case. In this way, the relative temperature

difference between the individual lines is kept to a minmimum, and
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a regulated temperature enclosure is not required. The delay line package
was supplied by Laboratory for Electronics, Inc , of Boston. Each of the

lines in the package met the following specifications:

Delay time: 30 psec matched to within +0.01 p sec
Center Frequency: 0 Mc/s

Bandwidth: 12 Mc/s

""Attenuation'': 45 db voltage gain, inte a 5002 termination

(with parallel inductor to annul source reactance)
Spurious Response: -30 db
Transducer Capacity: 30 - 35 ppfd

C. Band-Pass Amplifier

In the de sign of the band-pass amplifier for the recirculating memories,
particular attention had to be paid to the phase linearity of the coupling net-
works used, as well as to the normal gain and bandwidth requirements. The
reason for the relatively high importance of the phase linearity lies in the use
of a short broadband pulse for exciting the delay line. When the delay line
and amplifier are excited by a short pulse of this type, the shape of the carrier
pulse envelope at the output of the amplifier is determined by the transient
response of the overall delay line and band-pass amplifier combination. As is
always the case for wide-band pulse amplifiers, in order to obtain a well-re-
solved pulse at the output of the amplifier, the amplifier and delay line
combination must have a linear phase characteristic over its useable frequency
band in addition to having a sufficiently broad pass band to obtain the desired

short rise time.

The selection of an interstage coupling network that would have the
desired phase characteristics was based on tests carried out by inserting
frequency-scaled models of the coupling network under consideration into the
low-frequency recirculation delay-line model as shown in the block diagram
of r'ig. B. By adjusting the loop gain to a value slightly less than unity, it was
possible to observe the effect of successive stages on the shape of a narrow
input pulse. Several coupling networks were checked by this method in order
to arrive at a satisfactory circuit. The frequency and phase response of three

of these circuits are shown in Fig. 9a, and the corresponding transient responses
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shown in Fig. 9b. It can be seen from the waveforms of Fig. 9b that the

effects of dispersion after a large number of passages through the coupling
network become quite obvious in the case of the overpeaked '"L' network.

On the other hand, a very well-defined pulse shape is preserved in the linear
phase network even after a large number of recirculations corresponding to

a large number of coupling stages. The shunt peaked circuit,which is the band-
pass equivalent of the conventional shunt peaked low-pass amplifier, was chosen
as a coupling network because of its greater simplicity of construction, even

though it showed slightly greater dispersion than the linear phase network.

The shunt peaked coupling network has been used in all or the interstage
networks of the high-frequency band-pass amplifiers required for the experi-
mental Deltic, and also for both the input and the output terminating networks
for the delay-line transducers. Each of the coupling networks was designed to
have a half-power bandwidth of 13 Mc/s centered about 33 Mc/s,which resulted
in an overall bandwidth through the 7 coupling networks of slightly greater
than 8 Mc/s.

The complete wiring diagram for the band-pass amplifier chassis is
shown in Fig 10. Because of the low impedance of the transducer output,
it was possible to use a high transconductance type 6 AH6 tube (Vl) as a first
amplifier where the relatively large input capacity made little difference.
Type 6AK5 tubes were used for the rest of the amplifier stages. Fixed tuned
inductances were used for the plate coils, and the shunt peaking coils were
tuned to the resonant frequency by the use of small trimmer condensers. The
amplifier was provided with an automatic gain control, the control voltage for
which was obtained the self-biased peak detector (V6) at the output of the band-
pass amplifier. The band-pass amplifiers were constructed on a standard
three inch by ten and one-half inch aluminum chassis, and interstage copper-
foil shielding was used to prevent regenerative feedback,as shown in Fig. 11
Conventional decoupling networks were used in the plate supply lead and in

the automatic gain control bus to isolate the separate stages.

It was convenient to incorporate the data insertion gates on this same
chassis inasmuch as the; could be combined with the output detector stage.
The two 6AS6 tubes (V6’ V_') shown in the schematic were combined to form

a four-input gate. The output of the band-pass amplifier is fed to the control
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grid of one of the 6AS6 (V6) gating tubes through a grid-leak-condenser bias
circuit. The amplitude of the RF pulse input to this grid is sufficient to
generate a self-bias of approximately 6 volts which gives a cutoff threshold

for the grid signal of approximately 2 volts. A threshold of this magnitude

is required to assure cutoff in the absence of an information pulse so that the
switching transient of the four-way gate will not interfere with the recirculating

pulses which are adjacent to the new data pulse at the time of insertion.

The suppressor grid of this detector-gating tube is used for the erasing
gate required in the data insertion process. A negative sampling pulse applied
to the suppressor causes complete cutoff of the plate current, regardless of the
signal on the control grid. In this way, a pulse is not transmitted through this

tube when the sampling pulse is present.

The control grid of the second 6AS6 (V7) is driven with the positive
sampling pulse through an adjustable-bias, capacative-coupling circuit. This
adjustable bias permits the amplitude of the current pulse through this second
6AS6 gating tube (V) to be matched with that of the current pulse generated

by one of the recirculating pulses in the detector gating tube (V6).

The suppressor grid of this second 6AS6 forms the fourth input to the
gate and is fed by the low-frequency incoming signal which is to be sampled.
The polarity of this signal determines whether or not the sampling pulse is to
be fed into the recirculation loop; thus, it is this tube which carries out the

sampling operation on the low-frequency incoming information

The 2,000-ohm delay cable connecting the band-pass amplifier chassis
to the recirculation gate chassis forms the load for the plates of the four-way
gate. The cable is terminated at the output end only so as to maintain a high
impedance plate load for the detector gate circuit, and a peaking coil is in-
serted between the 6 ASé plates and the delay-cable connector to enhance the
rise time of the load combination. The output of the gate is sufficient to
generate a 4-volt pulse across the 2,000-ohm cable impedaace. A pulse of
this amplitude is sufficient to excite the driver tube in the succeeding chassis
directly, without further amplification. A small neutralizing capacitor (Cl)
is connected between the + sampling pulse input and the detector input to cancel
the negative pulse arising from the capacitive coupling between suppressor and

plate of the erasing gate (Vb)'



TM37 -20-

D. Reclocking Gate Chassis

The pulse train output of the band-pass amplifier chassis is fed to the
reclocking gate chassis through a 2,000-ohm delay cable, the length of which
may be adjusted to provide synchrenization between the various chassis of the
Deltic. This pulse train is amplified in a 6AH6 driver tube to a peak amplitude
of 30 volts, and coupled to the suppressor grid of the 6 ASé6 reclocking gate as
shown in the schematic of Fig. 12. Careful attention was paid to the termination
of the delay cable at the input of the driver amplitier to minimize the effect of
spurious reflections from this length of cable. A terminating network consisting
of an empirically modified "T' section of a low-pass filter, having the same
characteristic impedance as the delay cable and incorporating the input capacity
of the tube as one of its elements was used to neutralize the input capacity of
the tube and the shunt capacity of the cable connector and plug over as wide a
bandwidth as possible. With this termination, less than 10 per cent reflection

was observed at any time.

The reclocking gate driver amplifier (V,) utilizes a small inductor in
series with the plate load to form a shunt-peaked coupling network having
moderately fast rise time, and the plate load is tapped to provide an output for
the other chassis in the Deltic correlator. The output at this tap is passed
through a second amplifier (V4) whose plate load is the 2,000-ohm cable
termination network for the high-impedance interconnecting delay cable used

between this chassis and the other chassis to which the signal must be connected.

Since the nature of the information which is to be fed into the pulse train
is such that the probability of having less than 30 per cent or more than 70 per
cent of the line full of pulses at any one time is very remote, it was possible to
use capacitive coupling with a DC restorer diode on the reclocking gate

suppressor grid (VZ) to maintain the base line at zero voltage.

The clocking pulse applied to the control grid of the 6 AS6 reclocking
gate (VZ) generates in the t'be a current pulse of very short duration. The
suppressor grid exerts sufficient control to deflect the current pulse either
to the plate or to the screen grid, thus performing the gating action required.
In order to obtain the saturation in the suppressor control characteristic,
necessary to stabilize the pulse amplitude, it was found that a reduced screen

voltage of approximately 70 volts was required. The effect of reduced screen
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voltage is shown in Fig. 13 where the pulse output on the 6A56 plate is
displayed as a function of the suppressor voltage. It is obvious that the
saturation characteristic of the 70-voit screen voltage curve is far superior
to that of the 150-volt curve. This flat saturation characteristic compensates
for gain changes in the amplifiers and for amplitude variations caused by
adjacent pulse interference which arises from the spreading of the pulse in
the band-pass amplifier. It also compensates for the amplitude decay of a
long pulse train such as occurs when very low frequencies are inserted into
the storage locop. Type 991 glow tube regulators were used on the screens
to provide the 70 volts of screen voltage at a reasonably low impedance and
thus maintain a uniform pulse amplitude independent of short or long term

duty cycle.

In checking the saturation characteristics of the 6 AS6 tube, considerable
variation among tubes supplied by various manufacturers and even before tubes
of the same manufacturer was observed. It was accordingly necessary to
perform some reasonable selection of the 6 AS6 tubes to be used in this recir-
culating gate. The selection had to be made on the basis of the saturation
characteristic rather than on the basis of the transconductance as measured

by an ordinary tube checker.

As has been mentioned, the most effective way of providing a well-
defined clocking pulse which is short compared to the 0.1 pusec recirculated
pulses is to generate this pulse as a current pulse in the reclocking gate tube
(VZ) itself, rather than to use an external pulse-generating circuit which,
for the rise time involved, would involve the use of extremely low-impedance,
high-power circuits. The signal fed into the 6 AS6 grid to form the clock
current pulse in the tube is obtained from a doubly resonant plate load in the
clock pulse amplifiers (V3). Two resonant tuned circuits were inserted in
the plate circuit of a 6AH6 tube to provide the high-impedance circuit necessary
for the high-voltage clocking signal. One of these resonant circuits was tuned
to 10 Mc/s, and the other was tuned to 30 Mc/s. The impedance ratio of the
two tuned circuits was adjusted to give a balance between the first and third
harmenics to form a signal of the shape shown in Fig. 16. This clocking
signal has a peak-to-peak amplitude of approximately 50 volts, and only the

upper three volts are required to drive (VZ) from cutoff to grid conduction,
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thereby producing a very narrow current pulse. The first and third harmonics
of the 10 Mc/s clock signal are generated in the clock pulse amplifiers (V 3 by
over-driving the grid of the tube with a 10-volt, RMS, 10 Mc/s signal applied
through a grid leak bias network to the control grid. The construction of the

reclocking gate is shown in Fig. 14.

E. Timing Channel

The problem of synchronizing the sampling pulse with the recirculating
delay-line memory channel was solved by using a separate timing channel for
the generation of this pulse. The timing channel used was identical to the
standard recirculation loop as described previously, with the exception of the
insertion of a free-running multivibrator (VS’Vé) between the driver amplifier
(V) and the reclocking gate (VZ) as shown in the schematic of Fig. 15. This
multivibrator, which has a free period slightly longer than the recirculation
period of the line, introduces a standard-shape pulse into the recirculation
loop which, upon its return, triggers the multivibrator to lock it in to the
recirculatibn period of the line. The on-off periods of the multivibrator are
made approximately equal so that the circuit will be insensitive to any spurious
pulse arriving within one half of the recirculation period behind the main
triggering pulse. In this way, it is impossible to have more than a single
pulse recirculating in the line at any one time; and, of course, it is also
impossible to have less than one pulse in the line since, in the absence of a
pulse, the multivibrator will ""free-run'' and thus insert a starting pulse in

the line.

A shorted section of delay cable is used in the output plate circuit of
the multivibrator (V6) to shape the pulse inserted into the reclocking gate.
The 0.1 psec sampling pulse is obtained from a tap near the end of this delay
line stub, and is fed to a phase splitter (V4) to generate both the positive and
the negative sampling pulses required for the new information gate. A 6CL6
is used for this phase splitter because of its high peak cathode current and
relatively high transconductance. The phase splitter is biased past cutoff
50 as to reject the low-level reflections caused by the capacitive impedance

mismatch at the tap on this delay line.

The length of the delay-line stub is adjusted to locate the leading edge
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of the pulse applied to the reclocking gate midway between two clock pulses.
The relative phase of the clock pulses, recirculated pulse, and sampling

pulse are shown in the scope traces of Fig. 16.

The construction of the timing channel reclocking chassis is shown
in Fig. 17. The delay cable used for pulse-shaping is shown at the left of
the chassis, and the trimmer capacitor for controlling the multivibrator

period (the only adjustable control on this chassis) is located near thre center.

¥, Clock Oscillator

The timing channel, described in the previous section, is the primary
time standard for the entire Deltic correlator. The clocking signal must
be locked in phase to the sampling pulse. In order to accomplish this, an
automatic frequency control circuit is incorporated in the clock oscillator
chassis, as shown in the schematic of Fig. 18. The AFC signal is derived
from a phase detector which compares the phase of the sampling pulse with
the phase of one of the clocking pulses. The phase detector consists of a
6 AS6 gating tube (VZ) used in a circuit similar to the reclocking gate of a
memory channel. The difference lies in the plate circuit, where a resistive
load is used instead of the tuned band-pass circuits. The narrow pulse
appearing on the plate is converted to a DC control voltage by a peak de-
tector (V7) and after suitable filtering is applied to the control grid of the
reactance tube, which is shunted across the oscillator (V9) tank circuit. The
control characteristic of this circuit is illustrated in Fig. 19. The curve
was obtained by breaking the automatic frequency control circuit at the
point marked "X," and applying a variable voltage to the reactance tube
while observing the AFC bias output delivered by the AFC detector (V7).

As indicated by the curve, the circuit exhibits very sharp control charac-
teristics, and phase errors of less than 1/10th of a pulse period or digit

interval may be expected over a wide range of operating conditions.

This reactance tube exhibits a sufficient range of control to vary the fre-
quency over a range which encompasses several different multiplication factors,
differing by integers, which will satisfy the phase condition required by the AFC
system. These multiplication factors, the N of Chapter II, may take on

whatever value is required to satisfy the phase conditicn without otherwise
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affecting the operation of the Deltic or influencing the characteristics of
the correlator sweep. It is this flexibility which permits the use of un-
regulated temperature enclosures for the delay lines of the various memory
channels which must be synchronized. The only requirement is that the
various lines be maintained at the same temperature with respect to each

other, the absolute temperature being unimportant.

1f, or when, temperature drift of the delay lines or frequency drift
of the oscillator carries the clock oscillator control beyond the limit of
its control range, the control may be reset to one of the '"allowed' frequencies
by a push button switch provided on the control panel (Section L). This switch
resets the automatic frequency control voltage to some predetermined
reference, whereupon, after release of the push button, the automatic frequency

control selects the nearest ''allowed'" frequency mode and controls at that

voltage.

The output of the clock oscillator is coupled to the various chassis
through a cathode follower (VIO)' Incorporated on the clock oscillator
chassis is an amplifier (V5) for the sampling pulse which acts as a pulse-

stretcher providing a suitable signal for the frequency divider chassis.

G. Frequency Divider Chassis

The output pulse of the clock oscillator just mentioned is fed to a
32:1 binary scaler, Fig. 20, and then to a 10:1 scaler which uses a glow-
transfer type counter tube, Fig. 22. This gives a total frequency division

of 320:1 to provide the time base for the correlation sweep.

At the count of 320, it is necessary to obtain from the output of the
frequency-divider strip a transfer pulse which has the duration and phase
of a single repetition period in the memory channel, 30.7 usec This is
obtained by a series of summing and clipping operations on the outputs
of the various stages in the divider. The output of the first stage of the 32:1
divider chassis (Vl) is a square wave having a period of 61.4 psec, with the
beginning and end of the positive swings synchronized with the sampling pulse.
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